All commercial reagents and solvents were obtained from Acros, Biosolve, or Sigma-Aldrich, except for deuterated chloroform and deuterated 2-propanol, which were purchased from Cambridge Isotopes Laboratories. Oligo(ethylene glycol) methacrylate (oEGMA, M n = 475 g/mol) was passed through a short column filled with inhibitor remover (Sigma-Aldrich) before use. AIBN was recrystallized from methanol. All other commercial reagents and solvents were used without any additional purification. 4-Cyano-4-methyl-5-(phenylthio)-5-thioxopentanoic acid was kindly provided by SyMO-Chem (Eindhoven, The Netherlands). Azides 1, 1 2, 2 and 3 3 and 3-(trimethylsilyl)propargyl methacrylate 4 were prepared according to previously described literature procedures. The synthesis of reference polymer P5 (DP = 323) was reported elsewhere. imidazole-2-yl)methyl-1-(pyridin-3-yl methyl)methanamine was kindly provided by dr. S. I. Presolski (Eindhoven University of Technology).
were continuously irradiated at the EPR frequency by a home-built 8-10 GHz microwave amplifier. T 1 measurements were conducted by a typical inversion-recovery pulse sequence in a 0.35 T electromagnet. Cooling air was flowed over the sample to avoid sample heating during the measurement. The detailed description of ODNP can be found in the literature. 6, 7 Overview of the Overhauser Dynamic Nuclear Polarization (ODNP) method.
ODNP relies on the polarization transfer from the electron spins of the nitroxide radicals to the 1 H nuclei of the locally interacting water molecules through dipolar interaction. 8, 9 The time-dependent mathematical description of ODNP in liquids is [1] =-( + ) | | [2] where is the coupling factor, f is the leakage factor, s is the saturation factor, and and are the gyromagnetic ratios of the electron and 1 H, given =658. Ideally, s is approaching 1 for a fully saturated electron spin | | transition. The coupling factor describes the efficiency of cross-relaxation between the electron and 1 H spins, which is defined by . The coupling factor carries the information of the relative dynamics between the 1 H spins of = water and the electron spins of the nitroxide radical, and is therefore the quantity of interest. The leakage factor f accounts for the nuclear spin lattice relaxation originating from the interaction with electron spins compared to all other contributing mechanisms, yielding , where and are the 1 H longitudinal relaxation time in = 1 -1 10 1 10
the presence and absence of the radical, respectively. By extrapolating to infinite MW power, the maximal signal enhancement E max can be determined. The saturation factor s can be extrapolated to maximal saturation s max ≈ 1, which is a valid approximation for slow tumbling macromolecules or assemblies, such as proteins or lipid vesicles studied here. 9, 10 The coupling factor can then be determined from Eq. [2] . It is noted that is field dependent. Here, we study the hydration dynamics in polymer systems using ODNP at a magnetic field of 0.35 T, yielding a Larmor frequency for the electron spin of = 9.8 GHz and for the 1 H spin of = 14.8 MHz. For small molecules in solution, an extreme motional narrowing regime is approached at 0.35 T, yielding , where is the translational correlation ≪ ≪ 1 time of the solvent molecules in solution (i.e. we focus on water here). Thus, the coupling factor at this field is modulated by the molecular dynamics of water dipolar coupled with the spin label, whose motional modes on the order of . In this regime, the closer the correlation time  of water with respect to the spin label nearby is to 100 ps (≈1/ ), the more effectively will it modulate the coupling factor. Therefore, ODNP at 0.35 T is extremely sensitive to motion dictated by the translation correlation time of water on the tens of up to 1000 ps timescale, covering a wide motional range of water in hydrated macromolecules and soft matter, from the weakly coupled water on the biological surfaces to deeply buried sites in the core of biomacromolecules or their assemblies. [11] [12] [13] [14] [15] In order to quantify the τ value from , the appropriate model governing the dynamic parameters of the solvent molecules interacting with the spin labels has to be applied. For nitroxide radicals free in water, as well as nitroxide radicals tethered on the surface of liposomes, the force-free hard-sphere model 16 has been shown to give a good fit to field cycling relaxometry data 6, 7, 17 and can be used to model the spectral density function. This method becomes especially convenient, when translation diffusion is the dominant modulator of the electron spin-mediated nuclear spin relaxation that is driven via dipolar coupling between the electron and 1 H nuclear spins. This model can be employed in our systems as freely diffusing water interacts with the radicals incorporated on the surface of macromolecules. [11] [12] [13] [14] [15] In this case, the coupling factor is given by [3] with following spectral density function 16 ( , ) = 8 [4] where b is the distance of the closest approaches between electron and 1 H spins. The Eq. [3] and Eq. [4] enable the determination of thevaluewhich is inversely proportional to local water diffusivity (i.e.
). In order to compare ∝ -1 water diffusivity in different local environments, we introduce the retardation factor, , which is the ratio of τ-value of hydration water to that of bulk water, . The retardation factor is typically 2-5 for hydration water on water-exposed surfaces of protein or lipid membrane 18, 19 , whereas it is around 5-11 in the bilayer interior of lipid assemblies. 12, 15 However, the relatively modest retardation factor for water within the lipid bilayer only reports on the relatively fast diffusion dynamics of the highly sparse water molecules across the bilayer, but does not provide any information about water content. 12 It is necessary to clarify that we assume a full exchange of water molecules between hydration layer and bulk water within the timescale of ODNP build-up time that is on the order of the T 1 of water protons (i.e. few seconds), so that no pool of unenhanced bulk water skews the ODNP-derived local hydration dynamics. The timescale for the exchangeable protons between water molecules and lipid bilayer surface around the nitroxide radicals is on the order of milliseconds to sub-seconds, so that a full exchange between the surface and bulk water populations is ensured 11 , while it is too long to directly influence the timescales of water diffusion at tens to hundreds of ps derived by ODNP at 0.35 T. Therefore, the exchangeable protons should have no influence on our ODNP results.
In addition to the standard analysis of , we can separately determine local water mobility at fast timescale (ps) and at slow timescale (ns) using the relaxivity at the electron and 1 H Larmor frequency, respectively. 7, 20 Typically, the hydration dynamics at several ns or longer timescales is contributed from bound water, whereas hydration dynamics at ps timescale is contributed from loosely bound and freely diffusing water at or near molecular interfaces. This analysis is model-independent and permits the direct comparison of different classes of hydration waters in different local environments. However, it does not easily yield an explicit value for as with the standard analysis.
is the cross-relaxivity between electron and 1 H spins driven by electron spin-flip excitation at at a known spinlabeled concentration .
is exclusively sensitive to characteristics of fast water diffusion of loosely bound water at tens of ps to sub-ns timescale. On the other hands, is the self-relaxivity, which represents the paramagnetic contributions to T 1 relaxation rates of water driven by dipolar self-relaxation of water protons:
Both and relaxivities probe the values of the spectral density function for fluctuations in dipolar relaxation between electron and 1 H. Since , the relaxivities can be approximated as follows. ≪
The coupling factor can then be approximated
To extract the relaxivity that only depends on the value of the spectral density function for fluctuations of dipolar relaxation at , the contribution from fast waters ( ) can be subtracted from the self-relaxivity ( ) as follows 7 , based on Eq. [7] and Eq. [8] :
[10]
which is strongly weighted by bound water to the polymer chain moving at slower motion timescale (few ns). Thus, the contribution of slow or bound water diffusing at slower timescale (i.e. 1/~ 6.7 ns at 0.35T) can be determined by . Recent hardware developments for ODNP have further improved the reliability for quantifying local surface hydration dynamics at 0.35 T. The reproducibility of the ODNP data are presented in Table S1 .
In this work, we focus on ODNP measurements at 0.35 T and 9.8 GHz MW frequency that represents an appropriate timescale to probe the translational dynamics of hydration water moving with correlation times on the order of few ps to sub-ns. Specifically in this manuscript, we extract the value for from the coupling factor, , from equations [3] and [4] , which represents the translational correlation time of water molecules within 5-10 Å of the nitroxide radical-based spin label tethered on the polymer surface. This value is inversely proportional to the local diffusion coefficient of water if the distances of closest approach between the spin label and water remains constant. The contribution of water that is freely diffusing near the polymer vs. bound to the polymer for a comparable or longer than the tumbling time of the protein can be separately evaluated by relying on a detailed analysis of the ODNP data to extract both the and relaxitivies, which corresponds to the and parameters defined , ,
in equation [7] and [10] , respectively, as well as in the literature 20, 21 Overview of the Electron Paramagnetic Resonance (EPR) method.
The continuous wave (cw) EPR lineshapes were analyzed by spectral simulation using a single-component model, where a MOMD (microscopic order macroscopic disorder) model was used as previously described for the anisotropic motion of the nitroxide radical. 22, 23 The detail description of the MOMD model can be found in literature. 24 For all ESR spectral fits in this work, the values of the magnetic tensors A and g were used as constraints, which were previously determined for R1 spin label in protein systems. 25 These values are A xx = 6.2, A yy = 5.9, A zz = 37.0, and g xx = 2.0078, g yy = 2.0058, g zz = 2.0022.
In this work, we assumed three rotational diffusion tensor, R x , R y and R z are rapidly rotating and have isotropic motion, yield . In the simulation process, the rotational diffusion constant (R) is the only fit 〈 〉 = = = parameter. Rotational correlation time ( ) was calculated using . To get the best fit, a single-component = 1 (6 ) EPR spectrum with single fit parameter (R) was initially fit. Once the R value was optimized, the Gaussian inhomogeneous broadening was allowed to vary slightly in order to obtain the best fit. The quality of fit was visually evaluated using the difference between the experimental and theoretical spectra. were dissolved in dioxane (50 mL). The mixture was subjected to three freeze-pump-thaw cycles, backfilled with argon and placed in a preheated oil-bath at 60°C. After 46 h, the conversion was determined with 1 H-NMR (87%) and the polymerization was stopped by placing the reactor in a liquid-nitrogen bath. The polymer was purified by dialysis in THF and subsequently dried under high vacuum at room temperature to a constant weight to obtain a pink sticky material. M n and Đ were determined by DMF-SEC relative to PEO-standards. 1 General procedure for synthesis of P2-P4: In a Schlenck-tube, P1 (200 mg), the first azide (0.048 mmol) and a second azide (0.048 mmol; not applicable for P4) were dissolved in DMSO (3 mL). N- imidazole-2-yl)methyl-1-(pyridin-3-yl methyl)methanamine (6.23 mg, 18.9 µmol) was dissolved in 0.5 mL DMSO and added to the polymer solution. CuSO 4 (1.5 mg, 9.4 µmol) and sodium ascorbate (18.6 mg, 9.5 µmol) were dissolved in 4 mL demi water and also added the polymer solution. The mixture was flushed with argon for 1 h, the tube was capped and the mixture was stirred at room temperature for 48 h. Thereafter, the mixture was poured into a beaker filled with 75 mL CH 2 Cl 2 . To this, 60 mL of a Na 2 EDTA solution (1 mM in water) were added and the resulting mixture was stirred for 1 h. The mixture was transferred to a separation funnel, separated and the water layer was extracted once more with 75 mL CH 2 Cl 2 . The organic layers were collected, concentrated and the polymer was purified with dialysis in EtOH. Representative IR spectra for purified P2, P3 and P4; no azide functionality is present at 2160-2120 cm -1 , while the dotted line at 1350 cm -1 is indicative for a nitroxide vibration. 27 The peaks at 1640 cm -1 and 1450 cm -1 are indicative for triazole ring vibrations, 28 while the peaks denoted with a star (at 1660 cm -1 and 1540 cm -1 ) are indicative for the carbonyl vibration and amide II vibration originating from the presence of the amides of benzene-1,3,5-tricarboxamides. 29 Figure S4 EPR spectra of P2-P4 in the absence (black line) and presence (red dashed line) of 30 wt % sucrose. Supporting References.
